Abstract
INTRODUCTION
Alpine mature meadows (MMs) are the representative vegetation types on the eastern Tibetan Plateau (Chu et al. 2008; Niu et al. 2009 Niu et al. , 2014 Yu et al. 2012) , while alpine swamp meadows (SMs) have become more common under climate change and human activities (Xiang et al. 2009; Li et al. 2015) . Previous studies have revealed a significant difference in the species composition and soil seed bank between the two habitats (Ma et al. 2011) . It has been suggested that there may be a secondary successional change from SMs to MMs, and soil water availability may be the main driver of this succession process (Ma et al. 2011; Xiang et al. 2009 ). The role of light availability, however, has been largely ignored. In fact, the competition for light is particularly important in high productive vegetation, and many biotic and abiotic factors can affect the composition and structure of plant community via the light limitation (Borer et al. 2014; Hautier et al. 2009 ). With the high species richness and productivity in eastern Tibetan Plateau (Borer et al. 2014; Gu et al. 2003) , the species in MM and SM in this area has been under intensive competition for light (Li et al. 2011; Sun et al. 2016) .
The physical structure of the vegetation can affect the availability of resources in plant community (i.e. light and water), and hence influence the subsequent community composition, and the community productivity (Asner et al. 2008; Crawley 1997; Molinari and D'Antonio 2014) . Previous field studies have shown that physical structures such as dense vegetation and accumulation of plant litter can affect species composition by altering the light availability (Facelli and Pickett 1991; Jensen and Gutekunst 2003; Knapp and Seastedt 1986) and that those shifts in species composition can strongly affect the primary productivity (Kuiper et al. 2014) . However, little is known whether physical structure (i.e. vertical and horizontal heterogeneity) differs between the alpine MM and the alpine SM and how the difference in physical structure affects community composition and productivity of the two meadows.
The role of functional traits in predicting patterns of species composition and productivity of plant community and their responses to environment change has drawn substantial ecological interest (e.g. McGill et al. 2006; Molina-Montenegro et al. 2012; Pérez et al. 2014; Wright et al. 2004) . Leaf functional traits are considered the most important because leaves are the principal organs of energy gain in plants (Ackerly et al. 2000; Boardman 1977; Bradshaw 1965; Sultan 1987) . The leaf traits often vary and are affected by both abiotic and biotic factors (Cunningham et al. 1999; Nicotra et al. 2007; Niinemets 2001) . For example, plants growing under low water or nutrient conditions usually have smaller leaves with low specific leaf area (SLA) and lower photosynthetic capacity than those grown in the contrasting environments (Nicotra et al. 2007) , whereas species growing in communities with dense canopies tend to be tall, fast-growing and have large thin leaves appropriate for intercepting light (Cunningham et al. 1999; Niinemets 2001) . Thus, different functional traits may be related to both habitat characteristics and community structures and a difference in functional traits (i.e. leaf traits) can be expected during the succession from the SM to the MM (Raevel et al. 2012; Vile et al. 2006; Westoby et al. 2002) . While the functional traits could be measured on individual plant basis, there may also be a scaling up of functional traits to higher levels of organization (Violle et al. 2007) . In fact, the community-weighted means (CWMs) of trait values simplify the community into an average trait value that is strongly determined by the functional trait values of the dominant species.
The community productivity is influenced by many factors, such as the species richness, species composition (in terms of both species identity and traits) (Cadotte et al. 2009 , Hooper et al. 2012 Tilman 2000; Tilman et al. 1996; Yuan et al. 2015) and/or abiotic factors (i.e. soil fertility, light availability, temperature and precipitation) (Gough et al. 2000; Kahmen et al. 2005; Wang et al. 2003) . The alpine MMs and SMs are adjacent with similar soil type, slope and climate. Thus, we hypothesize that the species richness and species composition are the main factors affecting the difference of primary productivity between these two communities. Given that the alpine MMs and SMs are widely spread in this area with important implications for ecological and agronomic functions (Harris 2010; Li et al. 2014) , an assessment of the difference in community composition and productivity between these two communities and mechanism underlying the difference is urgently necessary.
In this study, we investigate the difference in physical structure, species richness, species composition, net primary productivity and the mechanisms underlying these differences in the alpine MMs and SMs in eastern Tibetan Plateau, China. Explicitly, we ask: (i) How do physical structure, species richness, species composition and primary productivity differ between the alpine MMs and the SMs in eastern Tibetan Plateau? (ii) How CWM of traits vary between the two vegetation types? (iii) How are these differences in species richness and species composition associated with productivity? (iv) Whether light availability is a key determinant of the difference in community composition and productivity between the two vegetation types?
MATERIALS AND METHODS

Study site
This study was conducted at the Lanzhou University field station in Maqu County, Gansu Province, China (33° 45′N, 102°04′E). The site is located in eastern Tibetan Plateau. The mean annual temperature is 1.2°C, ranging from −10°C in January to 11.7°C in July, and the mean annual precipitation (calculated from 1975 to 2010) was 620 mm, falling mostly during the short, cool summer (Chu et al. 2008; Niu et al. 2014) . The annual duration of cloud-free solar radiation is about 2580 h, and there are on average 270 frost days per year. The experiment was carried out in typical MMs and SMs, which are adjacent to each other in our study area. These two habitats have different dominant species (Table 1 and supplementary Appendix 1) and are differed in soil water content and temperature during the growing season (supplementary Appendix 2).
Community structure, composition and productivity
In early June 2012, 12 sampling plots (each 5 m × 5 m, at least 10 m apart) were established randomly in each of these two vegetation types. Each plot was divided equally into two parts, one containing two randomly located quadrats (0.5 m × 0.5 m) for community survey and the other for measuring the morphological and physiological traits of plant species. The physical structure and community composition were investigated during the peak growing season (mid-July). The physical structure of community was designated by the vertical and horizontal structure of the community. Four poles were set up for each quadrat, which were laid on the ground every 10 cm along the length of the quadrat. The height of plants along each pole was measured. The vertical structure was estimated by averaging the coefficient of variation (CV) of those measured height of the plants for each block. The horizontal structure was measured by calculating the CV of the number of individual plants which reached a certain height (mean height of each vegetation type, 18 cm for SM and 28 cm for MM in this study) across the four poles along the length of the sampling quadrat (e.g. Molinari and D'Antonio 2014) . Light availability was measured for each quadrat above the soil surface (about 5-7 cm of height) at each block using a photosynthetic active radiation (PAR) light metre (AccuPAR LP-80, Decagon Devices, Pullman, WA, USA). The percent available PAR at the soil surface was calculated against the ambient PAR above the vegetation canopies (about 1860.5 ± 20.1 μmol·m −2 s −1
). Species richness was measured by counting the number of species in sampling quadrats. Soil water content for each block was determined by averaging the 12 measurements in each block at 2 pm in weekly intervals during the growing season (from June to August) using a portable probe (WET-2 sensor, Delta-T Devices Ltd).
At the end of the growing season (late August), aboveground primary productivity of the community was estimated by harvesting all quadrats. Plants were cut at ground level, sorted by species and functional groups, dried at 80°C for 48 h in oven and weighed using an electric balance (Sartorius, Germany). Aboveground net primary productivity (ANPP) of each community was then calculated by summing dry weight of all species for each quadrat.
Leaf traits
We identified seven leaf functional traits for the dominant species in the middle of July 2012. At least 30 fully expand healthy leaves were obtained from each of the 12 blocks for each species. Of the 30 leaves, 12 were used for the determination of the leaf area (LA, cm 2 ), leaf thickness (LT, mm), SLA (m 2 g −1 ) and relative leaf water content (RLWC, %). For each leaf, LA was measured by scanning the leaves and analyzing the images with Image J (Abramoff et al. 2004; Rasband 2005) ; LT was measured in the middle of leaves with a digital caliper; SLA was calculated using leaf area divided by leaf dry mass (oven dried at 80°C for 48 h); and RLWC was calculated as: RLWC = (fresh weight − dry weight)/fresh weight. The oven-dried leaves (all 30 leaves) were then ground and used for measuring the leaf nitrogen content (LNC, mg g −1 ) and leaf phosphorus content (LPC, mg g −1 ) of each species using an elemental analyzer (FIAstar 5000 Flow Injection Analyzer, FOSS, Denmark).
Gas exchange measurements were conducted between 10:00 am and 12:00 pm during sunny days in mid-June, July and August 2012, using a portable photosynthesis system (GFS-3000, Heinz Walz, Germany). One fully expanded leave of common species from each of the blocks was selected for measuring. The measurement was taken at light intensity of 1800 μmol·m −2 s −1
, which is equal to the average light intensity of sun light during the measurements. The carbon dioxide (CO 2 ) concentration was about 340 ppm (approximately equal to the ambient CO 2 concentration), and the relative humidity was between 50% and 65%.
Statistical analysis
The data of physical structure, light availability, species richness and aboveground primary productivity were averaged for both 0.25 m 2 (0.5 m × 0.5 m) quadrats in each block.
A CWM was calculated for each measured functional trait by multiplying the trait value by the relative abundance of each measured species at the each block and summing over all species in a given plot. The difference in the physical structure between the MM and SM was compared using paired t-test, and other measured characteristics and functional traits were analyzed by analysis of variance (ANOVA). The difference of net photosynthesis rate between the two meadows across growing season was analyzed by repeated-measures ANOVA.
Regression analysis was performed between the ANPP and the CWMs for functional traits to evaluate the extent to which the functional traits are related to the productivity. Data were log transformed when they did not meet the assumption of normality and homogeneity of variance. All analyses were performed in SPSS 16.0 for Windows (SPSS, Chicago, Illinois, USA), and figures were plotted using Origin 8.0 (Origin Lab, Northampton, Massachusetts, USA).
RESULTS
Productivity and composition
The MM had significantly higher ANPP and species richness than the SM (Fig. 1a and b) . There was also significant The two habitats are adjacent with similar soil fertility, climate condition and a more detailed information of dominant species with vegetation cover is presented in supplementary Appendix 1.
difference in species composition and their coverage between them (Fig. 1c, supplementary Appendix 1). For instance, the richness of grasses in the MM is significantly higher than that in the SM (Fig. 1c) .
Physical structure and light availability under canopies
The structural difference between the MMs and SMs was substantial (Fig. 2) . The CV of both the vertical and the horizontal structure in the SM were significantly lower than the MM (Fig. 2a, b) , indicating that the spatial structure of the community is more heterogeneous in the MM. The percent light availability at the soil surface in the MM was almost twice than that in the SM (Fig. 2c) . The SM had significantly higher soil water content averaged over the growing season (June to August) than the MM (Fig. 2d) .
Functional traits
CWMs of traits differed greatly between the two habitats (Fig. 3) . Analysis of the CWM for height showed that tall species were more abundant in MM (Fig. 3a) . The CWM for leaf nutrient content varied between the MMs and SMs; the leaves in the SM contained more nitrogen (Fig. 3b) and much higher ratio between nitrogen and phosphorus (N:P ratio; Fig. 3d ), while there was no significant difference for LPC (Fig. 3c) . The CWM for four leaf morphological traits was significantly , and (c) number of species (forbs: black; grass: grey; sedge: white) between the SM and the MM. n = 12, NS, P > 0.05, *P < 0.05, ***P < 0.001 (ANOVA).
Figure 2: comparison of (a) vertical vegetation structure (CV was calculated using the mean height of the dominant species in each quadrat); (b) horizontal vegetation structure (CV was calculated using the coverage of dominant species in each quadrats); (c) percent of available photosynthetic active radiation at the soil surface; and (d) soil water availability at 5 cm depth between the SM and the MM. Paired t-test was performed for vegetation structure (a, b), Data presented as Mean ± 1 SD; ANOVA was performed for light and soil availability (c, d), Data presented as Mean ± 1 SE. n = 12, **P < 0.01, ***P < 0.001. different between the two habitats, except for SLA (Fig. 3e-h ). For example, the CWMs for LA and LT were significantly lower for the SM than the MM (Fig. 3e-g ), while the RLWC was the opposite with lower RLWC in the MM (Fig. 3h) . The CWM for leaf gas exchange traits across three time points (middle of June, July and August) also differed between the habitats (Fig. 4) ; CMW for net photosynthesis rate (A) in the MM was significantly higher than that in the SM during the growing season (Fig. 4) .
Regression analysis suggested that there were associations between the functional traits and the productivity of the community, and these relationships vary among the traits (Fig. 5 ). RLWC. NS, P > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001 (ANOVA). n = 12, data presented as Mean ± 1 SE.
For example, CWM for LNC was negatively correlated with ANPP across the two vegetation types (Fig. 5a ), whereas LA was positively correlated with ANPP (Fig. 5b) . The CWM for height was positively correlated with the ANPP (Fig. 5c ). There were positive correlations between the ANPP and CWM for A for all three measurements (June, July and August) during the growing season (Fig. 5d) .
DISCUSSION
Physical structure, species richness, species composition and productivity The MM had higher species richness and higher ANPP than the SM (Fig. 1a and b) . These results could be explained by higher spatial heterogeneity in community structure and thus higher light availability under the canopy in the MM than the SM ( Fig. 2a-c; e.g. Knapp and Seastedt 1986) , which suggested that plants in the MM were more efficient in the utilization of light. Consistent with these results, other studies suggest that more micro-habitats may occur in the heterogeneous communities, thereby supporting more coexistent species (Grime 1979 ) and higher aboveground primary productivity due to more efficient usage of the resource (Hillebrand and Matthiessen 2009; Lefcheck et al. 2015; Tilman et al. 1996; ) . Studies in invasive plant communities also showed that increased physical community structure (i.e. vertical or horizontal structure) are likely to have positive effects on the diversity of the resident species (Crooks 2002) .
Compared with the SM, the increase of species richness in the MM was mostly made up of grasses (Fig. 1c, supplementary Appendix 1). Different from forbs in resource use strategies, the grasses are usually tall and have relatively high growth rate (e.g. Sun et al. 2016) . This may establish a more open canopy layer and therefore may contribute partly to the high heterogeneous physical structure as well as the high productivity in the MM.
Trait variation
Nine functional traits were selected, and we hypothesized that they would vary between the MM and the SM. Instead of comparing the traits between individual species (e.g. Chai et al. 2015 in Loess Plateau), we calculated the CWMs of traits for each community (Garnier et al. 2004; Moreno García et al. 2014; Violle et al. 2007) . We found that the CWM trait values were significantly different between the two habitats for seven of the nine measured traits (height, LNC, N:P ratio, LT, LA, RLWC and A; Fig. 3 ). The plant height is often allometrically related to overall plant size (i.e. biomass; Aan et al. 2006; Westoby 1998 ). The tall plants combined with the high LA in the MM suggested that most plant species, especially the dominant species in the MM feature a fast-growing strategy (Chai et al. 2015; Spasojevic and Suding 2012) . This could be also confirmed by the results from gas exchange measurement (i.e. the net photosynthesis; Fig. 4) . In contrast, the plants in the SM display a slow-growing strategy with lower height, LA and A (Figs 3 and 4) .
The slow-growing strategy of plants in SM and the low productivity of its community may partly be due to frequent water saturation condition in SM, which might reduce the root activities. However, with the high species richness and productivity in eastern Tibetan Plateau (Borer et al. 2014; Gu et al. 2003) , light availability could be another important resource that could greatly affect community composition (i.e. species traits) and productivity (Hautier et al 2009; Sun et al. 2016) . In fact, our results that less light was available under canopy in community of SM indicated that inefficient utilization of light with a more homogeneous community structure is a key limitation of plant photosynthesis and growth in the SM. Thus, reduced light availability under the canopies in the SM relative to the MM might largely explain the mechanism accounting for a slow-growing strategy, lower species richness and subsequent low aboveground primary productivity (e.g. Reinhart et al. 2006; Saito and Okubo 2013) .
Overall, our study found that there were strong differences between these two meadows for selected species in functional traits (Fig. 3) and for community properties (Figs 1 and 2) , hence the occurrence of habitat filtering. Such ecological process (habitat filtering) has been reported in this alpine plant community (Yang et al. 2012) and both biotic and abiotic factors (i.e. soil nutrient availability and soil water availability) could be involved in this process (Spasojevic and Suding 2012) . Different soil water content between the two meadows might be the most important determinant to shape the ecosystem, while the light availability may play an important role in determining the productivities of their communities.
Traits that contribute to community productivity
The factors affecting ANPP are complex. We found that besides the effect of species richness and species composition (mediated by the physical structure of community and light availability) on its productivity, there were also correlations between ANPP and the CWMs of traits including the LNC, LA, height and A (Fig. 5) . Among them, the CWM of LNC was negatively related to ANPP, while other traits were positively related to it. Previous studies have demonstrated the closely relationship between the functional traits and productivity for individuals (Craine et al. 2002; De Almeida Silva et al. 2014; Marron et al. 2005; Pontes et al. 2007 ). This study suggested that the CMWs of traits would contribute to the community productivity as well (see also, Eviner and Chapin 2003; Lavorel et al. 2011) .
Generally, N is a key growth-limiting nutrient in natural ecosystem (Vitousek and Howarth 1991) , and there are positive correlations between the LNC and the leaf carbon accumulation in many plant species (Chabot and Hicks 1982; Niu et al. 2010; Reich et al. 1991) . One reason for the negative correlation between the LNC and ANPP observed in this study might be that the N is not the most limited factors, and the combination of many other environmental factors led to the negative correlation. On the other hand, our results that are based on the community level (CWM) provided an alternative possibility for relationship between the CWM of LNC and ANPP on the community level (see the ANPP and Leaf N for each dominate species on species level in supplementary Appendix 3). In fact, the low temperature and therefore low decomposition rate in Tibetan Plateau resulted in this area being nutrient poor and, thus as a whole, community composed with low-N required species (efficient N usage) could have higher productivity under nutrient-poor conditions (Craine et al. 2002) . Moreover, higher biomass meant less available N allocated to per unit biomass in an N limited environment, thereby leading to low CWM of LNC in quadrats with higher ANPP. For those traits that are positively related with ANPP, the higher LA, height and A are all traits featuring a fast-growing strategy (Chai et al. 2015; Spasojevic and Suding 2012) and therefore achieve high productivity during growing seasons. Overall, this study suggests that to get a high productivity, the fast-growing strategy might be more advantageous and light availability mediated by physical structural is a key determinant. In fact, a more heterogeneous structure leads to higher light availability under canopies in the MM and thus supports fast-growing strategy of species with a high N usage efficiency, in contrast to the case in the SM. These results may also have important implications in predicting the response of the community composition and productivity to global environmental change (i.e. nitrogen fertilization/deposition) and disturbance (i.e. overgrazing). N fertilization/deposition usually leads to species loss through light competition, but grazing may increase physical structure heterogeneity and light availability and thus ameliorate this process (Borer et al 2014; Rambo and Faeth 1999) .
CONCLUSION
This study compares two of the most important habitats (the MM and SM) in the eastern Tibetan Plateau, China, in terms of physical structure, species richness, species composition and associated ANPP. Our results suggest that there are significant differences in structural, compositional and traits between the MMs and SMs and that these differences may be directly and/or indirectly related to the community productivity. The mechanism underlying these difference is associated with light availability in the understory mediated by spatial heterogeneity (both vertically and horizontally) of community physical structure. The higher spatial heterogeneity in the MM leads to higher light availability under canopies and thus contributes to fast-growing strategies, higher species richness and productivity.
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